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This report contains four chapters. The calorimetric study of
Ca/Sr(AlClZ‘)E‘-SOC].z+7%(v/v)SOEl C-size cells during <§gnstant-temperature
discharge 1is reported in chapter 1. Fresh and stored (70°C for four weeks)
cells were discharged inside a dedicated home-made calorimeter on two loads?
9.40 and 40 or at 39 and 55°C. The heat flow (WT) of the cells (termal— power)
during discharge was measured as a function of discharge time. >~*There was no
significant difference between fresh and stored cells with respect to heat
generation during discharge,

“There was no loss in capacity during four weeks of storage at 7536/

/
7
The following components of Wn were calculated and plotted against
discharge capacity: Wg-thermodynamic; Wp-polarization; W.-chemical. W_  was

found to be the largest component of Wy The maximum corrosion rate (I_) of
the calcium anode during discharge and its minimum Faradaic efficiency
(e¢) were calculated from W, on the assumption that anodic corrosion 1is the
major component_of W, . At §0°C, ¢ was about 0.9 while at 55° it drops from
0.87 at 2 mAcm'2 to 8.84 at 4 mAcm “. At 30°C the value of ¢, is similar to
that of t; of the SEI of the calcium, indicating a similar corrosion mechanism
for§§ES calcium anode (both under OCV conditions and under load).

Chapter 2 resents a calorimetric study of the baseline cell
Ca/Ca(AlClZ)QKSOC12‘+ 7% (V/V)Sogl‘The thermal power generated by the Ca/CaX,
cells is similar to that of the Ca/SrX, cells at 30°C. However at 55°C I_ , of
the Ca/CaX, csells is much higher. As a result the faradaic efficiency of’ the

Ca/CZzzfgglls is similtar or lower than that of the Ca/SrX2 cells.
AY

hapter 3 presents the performance, safety and storage properties of
Ca/CaX%Wand Ca/SrXy cells.,

The Ca/CaX, cell looses most of its capacity after 4 weewks of storage at
70°C. However, the Ca/SrX, cell looses only 0-15% of its capacity when
discharged over the temperature range -30 to +60°C after being stored for &
weeks at 70°C. Its voltage delay is 0-100 sec at -20 and -30°C after such
storage. It has no voltage delay at room temperature and above. Cells equipped
with glass separator and a vent may vent on forced discharge as a result of
overheating. The Ca/SrX, cell may be made safe and vent-free with the use of a
Tefzel separator.

‘;>Chapter 4 presents a summary of the results regarding the properties of
MX%-SO%-TC solutions (M=Ca,Sr,Ba) including Raman spectra, viscosity and
conductivity data. We explain the effect of SOE\ and temperature on the

. : . . N
conductivity and conduction mechanlsm.Kr\LQ))
A
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CHAPTER 1

Calorimetric Study of the Calcium/Sr(AlCla)z-SOCIZ Battery

1.1




Abstract

The behavior of Ca/Sr(AlCla)2-SOClz+7%(v/v)502 C-size cells during
constant- temperature discharge was studied. Fresh and stored (70°C for four
weeks) cells were discharged inside a dedicated home-made calorimeter on two
loads: 9.4Q and 4Q or at 30 and 55°C. The heat flow (WT) of the cells (termal
power) during discharge was measured as a function of discharge time. There
was no significant diffefence between fresh and stored cells with respect to
heat generation during discharge.

There was no loss in capacity during four weeks of storage at 70°C.

The following components of Wy were calculated and plotted against

discharge capacity: Wg-thermodynamic; W -polarization; W_ -chemical. W_  was

P P

found to be the largest component of Wp. The maximum corrosion rate of the
calcium anode during discharge and its minimum Faradaic efficiency (¢) were
calculated from W, on the assumption that anodic corrosion is the major
component of W_. At 30°C, ¢ was about 0.9 while at 55° it drops from 0.87 at

2 2. At 30°C the value of ¢, is similar to that of

2 mAcm © to 0.84 at 4 mAcm’
t; of the SEI of the calcium, indicating a similar corrosion mechanism for the

calcium anode (both under OCV conditions and under load).
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Introduction

The calcium-thionyl chloride battery has recently attracted attention as
a safer alternative to high-power lithium batteries(1°13)  The major drawback
of this system has been recently solved(10.14) by replacing the Ca(AlCl,),
electrolyte by either Ba(AlCl,), or Sr(AlCl,),.

The Ca-thionyl chloride (TC) cell is a SEI (solid electrolyte interphase)
battery system(a'lz). The calcium anode is always covered by a thin solid
electrolyte film, at least a couple of tens of angstroms thick. In most cases

this SEI 1is part of a much thicker porous passivating layer (PL), the

thickness of which may reach 50u.

The morphology and the chemical composition of the PL wvary with the
electrolyte wused, and with the history of both the calcium metal before cell

assembly and of the ce11(10,14)

The calcium metal as received is covered by
an oxide layer up to 50u thick depending on storage time and conditions. When
it is stored in MX, (M=Ca,Sr,Ba, X-AlClA) TC solutions it is slowly converted
into MCl,. The rate of this conversion reaction depends on electrolyte type
and on temperature. At room temperature it may take many months to get close
to complete conversion while at 70°C storage it may take several weeks. The
chemical composition of the PL of calcium stored in MX, solutions for long
periods of time is: Ca012 in Ca(AlClA)z solutions; 1-20% BaClz+80-99% CaC12 in
Ba(AlCla)z solutions, and 20-80% SrC12 + 80-20% Ca012 in Sr(AlCla)z

solutions.(lo'la)

In all these cases it is most likely that the SEI is an
anionic conductor (t_>>t ) while t, is about 0.1 to 0.15(13). The Voe of the
Ca-TC cell is given by:(a) t; .EMF where t; is the ionic transference number of
the SEI. The EMF was found to be about 3.7v(13)

During discharge the current in the SEI is carried mostly by Cl~ anions.

Thus a CaCl, layer is formed at the Ca/SE interface and ca*t* cations move from




the SE/solution interface into the solution(4'12)

. During this process it is
expected(12'13'1a) that the SEI would crack and reheal continuously. The
healing process is a precipitation of MClz(M-Ca,Sr or Ba), depending on the
cation in the electrolyte, which forms as a result of the reduction of TC by
the calcium anode in the cracked areas of the SEI (12). It 1is actually a
corrosion reaction of the calcium anode taking place during the discharge of

the cell.

M*T + 50C1, + 2e(Ca) —> MCl, + 1/25 + 1/250, (1)

(M=Ca,Sr,Ba).
This process is highly exothermic (170 Kcal/mol).

It was 1indeed noticed that Ca-thionyl chloride batteries heat up

(9,10)

significantly during discharge The maximum temperature rise of the can

(of a C-size cell) increases with discharge rate from 2-3°C at 50 mA to 100°C
at 2400 mA(lo). It was suggested that two main reasons are responsible for
this large heating: cell polarization, and corrosion of the calcium anode

during discharge. It was previously found that at room temperature and at

2

1 mAcm’ the utilization of calcium anode in Ca(AlCla)z-SOCIZ solution is

about 90%(13)  The rest, up to 10% of the calcium metal is probably lost by
direct chemical reaction with the thionyl chloride and by disintegration.

The overall thermal power output of a cell during discharge (Wp) is given

by

Wp = WS + Wp + Wc (watts) (2)

where Wp is the polarization thermal power, overpotential times the current

(nI).Wc is the thermal power which results from chemical reactions in the

cell. W_, which results from entropy changes, can be calculated from

s,

Wy, = (I/aF).Tas (3)

W, and Wp can be calculated if the EMF (or AG) and the AS of the Ca-TC cell
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are known. Thus by measuring Wy it is possible to calculate W.. If it is
assumed that the main contribution to W, is the direct chemical reaction of
the calcium anode with TC then it is possible to calculate the corrosion rate
(I.) of calcium from:
Io = We/Vy (4)
. where VH is the thermoneutral voltage of the Ca-TC cell (VH-—AH/nF), Finally,
the differential faradaic efficiency (¢) of the calcium anode can be

calculated at any DOD (depth of discharge) from:
€ =I/(I, + 1) (5)

The goal of this work was to study the effect of current density, 70°C

storage, and temperature on W.., W , W , I and ¢ of the Ca/Sr(AlCl,),-TC 4SO
24 1% T "p c c 472 2

cell. The heat generation rates (thermal power) of a C-size Ca-TC cell, at
discharge rates of 0.1-1A, were estimated to be in the range 0.1 to 2W. We
could not find a commercially available calorimeter for this heat-flow range,
(however there are many microcalorimeters available). Thus, our other goal was

to design and build a dedicated calorimeter for this purpose.

Experimental
Desjgn considerations

Our goal was to design and build a fast response calorimeter for heat-
flow rates of 0.1 to 2W which can accommodate a C-size cell. We chose to build
a conduction-type calorimeter as shown in Fig.l. This type of calorimeter is
based on Newton’s law

dg/dt = W = K(T; - Ty) (6)
where K is the thermal-leakage factor of the calorimeter (i.e. of the thermal
conductor around the internal chamber) and Ty and T, are the temperatures of

the two surfaces across the thermal conductor - one in contact with the cell

1.5




under test and the second in contact with the heat sink.

Equation (6) is valid only for temperature differences smaller than
2-3°C(16). We found that choosing the heat conductor is not a simple task. In
order to measure a heat flow of the order of 2W at a temperature difference of
about 2°C it is necessary to use thermal conductor of about 1W/°C.

In order to achieve fast response by the calorimeter the internal testing
chamber was made as small as possible. Thus the surface area of the outside
cylinder of the internal chamber (facing the cell) is only about 40 cm2. The
thickness of the thermal conductor is about 0.35 cm. Thus it was necessary to
find a material whose thermal conductivity is about 0.01 wocl cml. Metals
and also carbon have higher thermal conductivity wvalues and nonmetals
(insulators) have much lower values. Therefore we chose a porous nonwoven
carbon cloth (RVG 2000) for making this thermal conductor. The use of this
material indeed gave the desired calorimeter heat-leakage factor of about 1
w/°C (Fig. 3).

The caloriuccer assembly is seen in Fig., 1. It is immersed in a 30 liter
water bath whose temperature was controlled by a home made controller to
+ 0.05°C. The C-size Ca-TC cell was introduced into the chamber with the use
of a 1lifter (Fig.2). The temperature difference across the porous carbon
cloth, which serves as a thermal conductor, was measured with the use of two
K-type thermocouples. These thermocouples were positioned in holes in two
centered aluminium cylinders between which the porous carbon cloth was mounted
(Fig.1). The differential output of the two thermocouples was amplified 13,300
times with the use of a home-made differential amplifier. The output of this
amplifier was recorded with the use of a Yokogawa chart recorder.

The C-size Ca-TC cell or a calibration resistor was introduced into the

chamber with the use of a cell lifter shown in Fig. 2. The cell or a




calibration resistor was electrically connected to two leads which were
inserted into the chamber through a PVC plug.

The calorimeter was calibrated at 30 and 55°C with the use of 90 resistor
placed in a dummy C-size can (an empty cell). The current and the voltage
across this resistor were measured. The current through this resistor was
varied and the amplifier output was recorded vs the input power (Fig.3). It
was found that the calorimeter output is a linear function of the input power
up to about 2W. Each 1V output is equivalent to a AT of about 1.8°C and to
1.08 watts of thermal power input. Thus equation (6) holds for this
calorimeter up to a temperature difference of about 3.6°C, where the
experimental K value is 0.6 W/°C. At higher temperature differences air
convection starts to be appreciable and this leads to non-linearity.

The calorimeter was calibrated either at 30°C or at 55°C before each set
of tests. The calibration curves were found to be identical (1.08 + 0.01 W/V).
The response time of the calorimeter is about 30 minutes.

The sensitivity of the calorimeter is limited by electronic noise and by
temperature fluctuation of the water bath. The electronic noise was about +15-
20 mV (at the output of the amplifier) which is equivalent to about +20 mW
thermal power (or to about 10.03°C). The temperature fluctuations of the bath
were sometimes reflected in about 50 mV negative output peaks once in several
hours. This kind of noise can be reduced by using a better temperature

controller for the water bath.

The Ca-TC cell

A hermetically sealed C-size cell was used as a test vehicle. It was
assembled with Hudson SS can and cover and Fusite 435 glass to metal seal with
an electrolyte-filling tube. The anode was 0.5mm thick 40mm width Pfizer 99.9

calcium foil. The cathode was O0.7mm thick 40mm width teflon-bonded carbon

1.7
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electrode supported by a nickel Exmet. The separator was 60% porous 50y thick
Tefzel foil (Scimat). The active electrode area was 150 cmz. The cells were
filled with 0.84M Sr(AlCla)Z + 7% (V/V)802 TC solution. Cells were discharged
inside the calorimeter on a resistive load at either 30 or 55°C. A home-made
computerized data-acquisition system based on IMS model 8000 computer was used
. for these tests.

Results

Two sets of cells were tested; 4 fresh cells and 4 cells which were
stored at 70°C for 4 weeks and then at room temperature for 1 to 4 weeks more.
Both groups were discharged at 30 and 55°C on two different loads of 4 and
9.4Q. The average current densities associated with these loads were about 2
and 4 mAcmZ.

Figures 4a, &b, 4c and 4d show the discharge curves together with the
associated calorimetric curves (heat flow vs. time) of fresh and stored cells.
Each plot presents the discharge curve in two ways; voltage vs. time (line B)
and voltage vs. capacity (line C). Each calorimetric curve is plotted on two
scales: thermocouple differential amplifier output signal in volts on the left
side and thermal power output of the cell on the right side.

All cells, fresh and stored, exhibit a flat discharge curve with no
voltage delay (below 2V). Cell-discharge data are summarized in Table 1. 1In
most cases the calorimetric curves (lines A in Figs.4a-4d) exhibit a peak at
the start of the discharge and then level off (stay about constant) or decline
slightly toward _.ie end of the discharge. The heat-flow (Wp) data at 50% DOD,
i.e. in the flat region of the calorimetric curve, are summarized in Table 1.
It can be seen that the storage period of four weeks at 70°C does not affect
Wr.

Increasing discharge temperature from 30 to 55°C does not seem to affect

Wp for 9.40 discharge tests (about 2 mAcm'z), but may cause up to 10% increase

1.8




in Wy for 40 (about 4 mAcm'z) discharge tests. Increasing the current density
(or decreasing the load) by a factor of about 2 increases Wy by a higher
factor of 2.2-2.8.

The delivered capacity of the cell at constant temperature discharge was
found to 1increase markedly with increasing the temperature from 30 to 55°C
especially for the heavier load discharge tests. It rose from 2.2 Ah to 3.7 Ah
for 401 discharge and from 3.7 to 4.2 for 9.40Q discharge (Table 1). When this
cell was being discharged in air (and not in a constant temperature water
bath) it delivered 3.2 Ah at 40 load{17) . This higher capacity was probably
due to the fact that in the room temperature discharge test the cell heats wup
to about 50°C (on 40 load) while in the calorimeter its temperature stays
about constant.

It 1is very important to note that these cells lost almost no capacity

(less than 5%) during four weeks of storage at 70°C.
Discussions

As mentioned before, our goal was to study the effects of temperature,
discharge rate and high-temperature storage on Wr, Wp, W., I, and €. For this
purpose we designed and built a dedicated calorimeter for C-size cells. Its
noise level, + 15-20mY, is equivalent to an error of about +20 mW. Thus we
expected an error in Wp of about 1.5-5%. In order to be able to calculate the

components of Wp we have to know the AG and AS values of the cell

reaction (7)(2)
Ca + 80012 —_ CaC12 + 1/2 50, + 1/2 S (N

By wusing data from refs.18-20 and thermodynamic cycles it was possible to




calculate the following values for reaction 7:

AS(298°C) = -52 J mol 1k}
AG(298°C) = -704 KJ mol”l

AG(328°C) = -700 KJ mol~l

AH(298°C) = AH(328°C) = -720 KJ mol~}

Using these values, we calculated:
EMF(298°C) = 3.65 V
EMF(328°C) = 3.63 V
Vy(328°C) = v,(298°C) = 3.73 V
We assumed a constant AH for the temperature range 328-303°C.
With the use of these values we calculated the overvoltage (n) of the cell
(n = EMF-V(I)) and then W, . W, was calculated with the use of Eq.3.

P
Having Wy, W, and W, we calculated W, - the chemical heat power output by

P
using Eq.2. It 1is possible that several chemical reactions of wunstable
discharge intermediates may contribute to W.. However, there is no solid
experimental proof for such reactions and we believe that the largest
contribution to it is the corrosion of the calcium anode during discharge.
Thus, with the use of Eq.4, we calculated the maximum value for the corrosion

current (Ic) of the anode.
With the use of Eq.5 we calculated the minimum value for the faradaic
efficiency (¢) of the anode. The average values (at 50% DOD) of Wrp, WP’ Weo I,

and ¢ together with the peak values of W, are summarized in Table 2. Plots of

Wr, Wp, Wy, W, vs. discharge capacity for fresh and stored cells can be found

in Figs.5-12. 1In all cases Wg and Wp are approximately constant during the

discharge period. W, tends to decrease and Wp to increase toward the end of
the discharge. In most cases, except Figs.5 and 12, W, has a peak at the start

of the discharge. The W, peak values are up to 2.5 times larger than its

1.10




plateau values. This excessive heat generation may indicate a faster corrosion
of calcium at the beginning of the discharge. It may be associated with
changes 1in the composition and properties of the passivating layer of the
calciw® end with changes 1in the composition of the electrolyte - 1i.e.
increase of the 50, concentration. We found that the calcium anode as received
and especially after a long storage period is covered by a thick Ca0 film. 1In
SrX2 solutions its conversion into CaC12 (or SrC12), although

thermodynamically favored, is very slow(21)

Even after one month of storage
in SrX, - TC solution at 70°C the Ca0O film is only partially converted into
CaCl, and SrCl,. It is likely that the W, peak results from a mechanical
breakdown of this Ca0-CaCl,-SrCl, mixed film due to the dissolution of the
calcium and formation of a thinner and more protective chloride film. For
unknown reasons the W, peak in Fig.5 appears in the middle of the discharge
while in Fig.12 we found no peak at all.

It can be seen (Table 2) that Wp,a
plateau value of W.. It means that, at least over the 30-55°C temperature

2

is always larger by 40-200% than the
range and upto 4 mAcm “, the corrosion of the anode during discharge 1is not
the predominant factor in cell heating. The one-month storage at 70°C does mot

seem to affect W and Ic

c a Raising the discharge temperature from 30 to

a’
55°C increases Wc'a by 25% to 90% while the largest effect was for the higher
current density. At 30°C wc,a increases linearly with increase in the current
density; however, at 55°C, the wc,a increase was larger than the increase in
the current density. Thus at the highest temperature and current density, the
anode corrosion during discharge is the greatest. It was suggested(zz'la) that
the combination of high anionic transference number (t_~1) and the 1large

difference between the equivalent volume of CaCl, and that of calcium is one

of the main reasons for the corrosion of calcium (under OCV conditions) in TC

1.1l




solutions. The same reasoning holds for its much higher corrosion under
discharge. The breakdown and healing process of the SEI during discharge can
be described as follows: During discharge (anodic dissolution) new CaCl,
layers are formed in the Ca/CaCl, interface by migration of Cl~ through the
SEI. As the equivalent volume of CaCl, is twice that of calcium, bulging of
the SEI may occur inhomogeneously. In the area of higher local current density
this bulging may be more severe and may lead to cracking of the SEI and
momentary exposing of fresh calcium surface to the solution. A fast reaction
between the exposed calcium and TC immediately begins and this leads to the
formation of CaCl, which precipitates at these areas, reheals the SEI and
slows the corrosion reaction. We cannot prove that no other chemical reactions
except calcium corrosion contributes to W,. Thus I, is the maximum corrosion
current of the anode, and ¢ is its minimum Faradaic efficiency. I is

c,a

affected by temperature and current density in the same way as is W,. Its
calculated values are between 29 and 127 mA. These values are not at all
negligible. Therefore ¢, varies between 83% and 89%. Storage of one month at

70°C does not seem to affect €,. However, it decreases with increasing
temperature and current density, being the lowest for 55°C and 4 0 discharge
conditions.

It 1is interesting to note that the value of € is similar to that of
ti(13) - the ionic transference number of the SEI under OCV conditions at room
temperature. This means that even at very low discharge rates (close to OCV)
the faradaic efficiency of the calcium anode may be only 0.9.

As a result of the disagreement in the literature regarding thermodynamic
AH, AG, and AS values there is some uncertainty in the calculation of Ws Wp,
wc, Ic and ¢. However, we believe that this uncertainty is rather small and is

not enough to alter our main conclusions. In addition, we previously fcund

that the EMF of the Ca-TC cell is about 3.7V(13) and that the faradaic

1.12




2

efficiency of the calcium anode at room temperature and 1 mAcm’ is about

902(13)  Botn findings agree well with our calculations.

Conclusions

At temperatures lower than 30°C and current densities 2 mA cn'? or 1lower
the predominant heat generation factor during discharge of the Ca/SrX,-TC cell
is cell polarization and the faradaic efficiency of the anode is close to 90%.
However, on the basis of our results, it is expected that at very high current
densities (more than 4mA cm'2) and at discharge temperatures higher than 55°C
the predominant heat-generation factor may be anodic corrosion, thus ¢ may be
smaller than 80%.

The Ca/SrX,-TC cell is capable of delivering high rates after four weeks
of storage at 70°C with no loss of capacity. In order to be able to increase
its continuous discharge rate (sustain power) it is necessary to decrease its

polarization and the corrosion rate of the anode during discharge, especially

at high temperatures.
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Plots of Wq, Wp, W, and Wy for cell Qi3 vs. discharge capacity.
Fresh cell 9.4Q load 55°C.
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- 4 week storage, 40 load, 55°C.
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Plots of W, Wp, W, and W, for cell Q,q vs. discharge capacity. 70°C
- 4 week storage, 9.4Q load, 30°c.

Plots of Wq, Wp,
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Table 1:
cell | discharge
code | temperature
I 0
..... f-mememmene
I
Q3 | 55
’ I
Q2 | 55
!
Q1 | 30
I
Q0 | 30
I
..... [-rmmemmmann
w |
Q9 | 55
I
*
QQ | 55
[
*
Qo | 30
|
*
Q, | 30
I

* Stored cells - 4 weeks at

Discharge Performance of cells.

S —

load | Average | Average |

9.4
4.0
9.4

4.0

|
I
I
l
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!
|
I
|
I
I
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|
I
I
|
I
I
|
|
I

Capacity

current | Voltage | (2V cutoff)

0.

0.

(A)
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.620

.255

.576

.297

.62

255

576

)

2.80

.........

2.56

2.3

— —— v — — — — — — — —— — — —— — — — — —

(Ah)

70°C + 1-4 weeks at RT.

1. 17

W~ - Heat
flow at 50%
DOD (W)

0.47

1.21
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Table 2: Calorimeter test results
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Chapter 2

Calorimetric Study of the Ca/Ca(AlCl,),-S0Cl, Battery

(baseline system).
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Chapter 2:

Calorimetric Study of the Calcium/Ca(AlCl,),-SOCl, Battery (Baseline System)

Introduction

The description of the Ca-TC cell, its properties and the reasons for
this calorimetric study can be found in Chapter 1. 1In addition it contains a
description of the calorimeter and the experimental procedures.

The goal of this work was to study the effect of current density, 70°C
storage and temperature on: Wy - overall thermal power output of the cell

during discharge; W - polarization thermal power (overpotential times the

p

current); W, - thermal power which results from chemical reactions; I_. - the

Cc Cc

corrosion current of the anode during discharge; € - differential faradaic
efficiency of the calcuim anode.
Chapter 1 explains how these parameters were measured and calculated.

Experimental

All experimental procedures have been described in Capter 1, except for
the composition of the Ca/Ca++ - TC cell and the discharge mode.

The Ca/Ca++-TC cell

A hermetically sealed C-size cell was used as a test vehicle. It was
assembled with a Hudson SS can and cover and a Fusite 435 G/M seal with an
electrolyte-filling tube. The anode was 0.5mm thick, 40mm width, Pfizer 99.9%
calcium foil. The cathode was 0.8mm thick, 40mm width, teflon bonded carbon
electrode supported by a nickel Exmet. The separator was 0.12mm thick glass
separator. The active electrode area was 130 cm2. .The cells were filled with
0.9M Ca(AlCla)z + 7% (V/V)SOZ TC solution. Cells were discharged inside the
calorimeter at constant current at either 30 or 55°C. A home-made

computerized data-acquisition system based on IMS model 8000 computer has been

used for these tests.
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Results

Two sets of cells have been tested: 4 fresh cells and 4 cells which were
stored at 70°C for 2 weeks and then at room temperature for 1-3 weeks. Both
groups were discharged at the temperatures of 30°C & 55°C and at constant
currents of 285mA and 580mA. The average current densities associated with
these currents were about 2.2 and 4.4 mAcm’ 2 respectively.

Figs. 1-7 shows the results of the discharge tests of fresh and stored

cells. All cells - fresh and stored - exhibit flat discharge curves with no

voltage delay (below 2V).

The calorimetric plots (Wp vs. capacity) of fresh cells have a peak at
the beginning of the discharge, then a flat or sloping region and all increase
towards the end of the discharge. The calorimetric plots of the stored cells
show no initial peak.

Table 1 summarizes the test results. At 55°C the cells had a higher
working voltage and produced more heat than at 30°C. At 285mA discharge rate,
increasing the discharge temperature from 30 to 55°C resulted in a
decrease in the capacity. However at 580mA discharge rate the opposite is
true. Two weeks of storage had no significant effect on the thermal power
output at 285mA discharge rate but resulted in about 20% increase in wT,a* at
580mA discharge rate at 30°C. The average** discharge voltage at 30°C and
285mA discharge rate was not affected by the storage. However, at 55°C the
average voltage was 0.25V lower after storage. The average discharge voltage
at 30° and 580 mA was also lower after storage. At 55°C the stored cell
failed to discharge at all above 1V. Cells lost 25-100% of their capacity
after two weeks of storage at 70°C.

. * wT,a = total thermal output at 50% DOD (a=average).

b Average = at 50% DOD.
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Discussion

As mentioned before our goal was to study the effects of temperature,
discharge rate and 70°C storage on Wr, Wp, We, Ic and ¢ of the Ca/CaXz-Soclz-
7% S05/C cell (X=AlCl,) and to make a comparison between this cell and the
Ca/Ser-SOC12-7% §05/C cell presented in Chapter 1. We used the same
calorimeter which has a noise level of + 15-20 mV (~+ 20mW). Thus we expected
an error in Wy of about 1.5-4%. The components of Wr, I, and ¢ were
calculated as described in Chapter 1 with the use of the same AS, AG values,
and taking the same assumptions. Table 2 summarizes the calorimetric data and
Figs. 8-14 show the plots of the components of Wy vs. the discharge capacity
of the fresh and stored cells, As the response time of the calorimeter is
about 30 minutes the initial portions of the calorimeteric data in all plots
were omitted. The cells were discharged at a constant current, thus W, is
constant during the discharge. As the discharge voltage decreases gradually
wich DGOD, Wp increases., At the end of the galvanostatic discharge the
discharge voltage drops sharply and Wp rises sharply. Fresh cells discharged
at 30°C exhibit more pronounced W.- peak. In all other cases W, shows an
initial vague peak and decreases with DOD. We think that the initial peak of
W, is associated with the changes of the morphology and the composition of the
PL of the calcium.

In fresh cells the composition of this PL is mostly CaO. During storage
Ca0 is converted to CaCl,. This process is accelerated by increasing the
temperature. Stored cells show no significant W, peak at the beginning of the
discharge, as most of the Ca0 in the PL was converted to CaCl,.

At 30°C discharge tests of fresh cells, the contribution of W_ is larger

P
than that of Wes however at 55°C the opposite is true. The lower discharge
voltage (average) of stored cells may result from a partial clogging of the

surface of the anode and the separator by the corrosion products of the anode
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(i.e. CaC12 and S8). This is why the WC * of a stored cell (R12) discharged

a

at 55°C is lower and its € is higher than those values of a fresh cell (R11).

Increasing the discharge temperature from 30 to 55°C, doubles W, 5 and I, a**
It means that the SEI provides less protection against corrosion at 55°C than

increase roughly

a

at 30°C. 1t seems that for fresh cells Wc a

and Ic,

linearly with the current density. For stored cells W, , and I, , increases

,a
about 50% more than the increase in the current density. While the current
density has a minor effect on ¢ it was found that increasing the temperature
from 30 to 55°C has a pronounced effect on it - ¢ droped from 88-90% to 72-
75%. It means that at 55°C and h.amA/cm2 28% of the calcium is consumed by
corrosion.

Table 3 presents a comparison between the Ca/Sr++ and the Ca/Ca++
systems. The most pronounced difference between the two systems is expressed
in their storage ability. The ca/Cca’t cells lost 25-100% of its capacity
after two weeks of storage at 70°C while the Ca/Sr*t cells lost almost no
capacity after four weeks of storage at this temperature. The thermal power
generated by the Ca/Sr++ cell is similar or smaller than that produced by the
Ca/Ca++ cell.

The corrosion current (at 50% DOD) of the calcuim anode (Ic'a) during
discharge is similar to that of Ca/sr*t cells at 30°C. However, at 55°C I. a
of the Ca/Sr++ cells is much smaller than that of the Ca/Ca++ cells. As a
result the faradaic efficiency of the Ca/Sr++ cell is similar or higher than

that of the Ca/Ca++ cell. The lower ¢ values obtained for the Ca/Ca’’ cell at

55°C are in agreement with its lower delivered capacity at this temperature.

W = at 50% DOD.

I = at 50% DOD.
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TABLE 1 : Discharge data

Fig. Cell Discharge Discharge Aver;ge# Capacity wT,a#
No. Code Temp. Current Voltage 2V Cutoff Heat Flow
[°c] [ma] [v] [4h) (V]
1 Rg* 30 285 2.56 3.44 0.46
2 Ry * 55 285 2.88 3.05 0.58
3 Rg* 30 580 2.44 2.60 1.03
4 Rg* 55 580 2.79 2.73 1.36
5 Rq¥* 30 285 2.52 2.45 0.48
6 Ryo** 55 285 2.66 2.34 0.56
7 R, ** 30 580 2.28, 1.67 1.21
Ryo** 55 580 <1 - -

* Fresh Cells.
** Stored Cells - 14 days at 70°C and 1-3 weeks at R.T.

# at SO0% DOD.
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TABLE 2: Calorimetric test results

Cell Discharge

Average# Discharge

Code  Temp. Voltage Current Wp,a# Wc.a# Ic# W, Peak *

(°c) ) (mA) (W) (W) mA (W) (%)
Rg* 30 2.56 285 0.31 0.12 32 0.27 90
Rg* 30 2.44 580 0.71 0.28 75 0.51 88
Rj1* 55 2.88 285 0.21 0.35 93 0.40 75
Rg* 55 2.79 580 0.49 0.83 222 0.96 72
Ry** 30 2.52 285 0.32 0.13 35 0.22 89
R ** 30 2.28 580 0.80 0.37 99 0.42 85
Ryp** 55 2.66 285 0.28 0.26 69 0.36 80
*

Fresh cells.

* Stored cells - 14

# at 50% DOD.

days at 70°C and 1-3 weeks at R.T.




TABLE 3 - Comparison between Ca/Sr++ and ca/ca*t systems

Temp. Av.c.d.A

°c) (mAcm'z) ca/srtt systems ca/Ca’t systenm
Capacity Wq a# I, a# * Capacity Wgp a# I a# e*
(Ah) W (mA) %) (Ah) 4\ (mA) %
55% 2 4.2 0.42 43 87 3.05 0.58 93 75
55% 4 3.7 1.20 118 84 2.73 1.36 222 72
30 2 3.4 0.49 35 88 3.44 0.46 32 90
30* 4 2.2 1.10 76 88 2.60 1.03 75 88
*%
55 2 4.0 0.47 47 86 2.34 0.56 69 80
55%* 4 3.6 1.21 127 83 0
30%* 2 3.4 0.46 29 89 2.45 0.48 35 89
30%* 4 2.2 1.10 68 89 1.67 1.21 99 85

Fresh cells.

** Stored cells: Ca/Ca++ - 2 weeks at 70°C and 1-3 weeks at R.T.
Ca/Sr++ - 4 weeks at 70°C and 1-4 weeks at R.T.
A The actual values varied between 1.7 to 2.2 and 3.5 to 4.4 mA.

# at 50% DOD.
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Chapter 3

Storage Properties, Performance and Safety of C-size Calcium-TC Cells

Introduction

After being fully developed the calcium-thionyl chloride battery
should have up to 50% higher volumetric energy density that the Li-SO,
battery. Thus, per unit of energy, it should be more economical. The
calcium-thionyl chloride cell can be produced as a safe vent-free cell
which will not rupture or leak over a wide range of abusive conditions
including: short-circuit, partial mechanical compression (internal
short-circuit), forced discharge and charging.

Its major drawback has been rapid corrosion of the calcium anode
(i.e. too short a shelf life). This high rate of corrosion in the CaX,
(X=AlCl,) electrolyte results from the fact that the CaCl, SEI does
not provide the calcium anode with sufficient corrosion protection
(1,2,3). 1In order to improve the SEI properties the CaX, electrolyte
has been replaced by SrX, or BaX2 electrolytes (2,3). As a result,
both the morphology and the chemical composition-of the passivating
layer were changed. In both electrolytes the corrosion rate of calcium
is slower than in the CaX, electrolyte. C-size laboratory stainless-
steel cells employing these electrolytes successfully underwent a four
weeks storage test with minimal loss of capacity (2).

In this paper we compare the storage ability of the Ca/CaXz-TC
cell with that of the Ca/SrX,-TC cell and evaluate the safety and the
performance of the latter.

Experimental

A hermetically sealed C-size cell was used as a test vehicle. 1In
the past it was found that the G/M seal leaked and so it was replaced
by a Fusite G/M seal which contains an electrolyte-filling port. This
change solved the leakage problem. The cell has a stainless-steel can
and cover. Two versions of cells have been used: one with a 0.15mm
thick nonwoven glass separator and 130 cm electrgde area and the
other with a 50 M thick Tefzel separator and 150 cm“ electrode area.
The electrolytes used were: 0.9M CaXz + 7% (V/V) 802, 0.84M Ser + 7%
SOy and 0.75 M SrX, in TC. Some of the storage, discharge and safety
tests were carried out at Tadiran.




Results and discussion

This paper should be treated as an interim report since the
research 1is in progress and not all tests have been completed. In
order to demonstrate the better storage properties of the Ca/SrX,-TC
cell we built and tested base-line cells with the state-of-the-art
CaX2 electrolyte. We previously found (1,2,4,5) that 802 increases the
conductivity of the MX, (M=Ca,Ba,Sr) electrolytes and decreases its
viscosity; thus it shou%d improve cell performance. The optimal SO
and electrolyte concentration have yet to be found. Filling cells with
electrolytes having S0, concentration higher than 10% seems to have
two disadvantages: it may decrease the working voltage of the cell and
it requires a positive pressure for filling. Thus, as a first choice,
we decided on only 7% (V/V) 80, concentration. For a comparison we
also discharged cells with no 50, added.

Table I summarizes the results of the discharge tests of fresh
and stored cells. Cells were discharged at several rates over a
temperature range of -30 to +60°C.

Properties of Ca/0.9M CaX, + 7% 80, cells

At 25°C fresh cells delivered 3.4Ah and 3.2Ah across 10 and 4.6
respectively. Cells which were stored for 2 weeks at 70°C lost 30% or
20% of their capacity when discharged at RmT across 4.6 or 10
respectively. After &4 weeks of storage the cell discharged at 25°C
across 10 lost 55% of its capacity (Fig.l), while another cell
failed to discharge at all.

Properties of Ca(Ser cells

A fresh Ca/SrX, cell has a RmT capacity across a 10 load (or
0.25A) similar to that of a Ca/CaX,y cell (see Table I). However, while
the best Ca/CaX, cell lost 55% of its capacity after 4 weeks of
storage at 70°C” the Ca/SrX, cell seemed to lose no capacity when
discharged at RmT across a 10 load (Fig.l and Table I). An addition
of 7% SO, does not seem to affect capacity loss at 70°C storage. One
cell which was stored for four weeks at 70°C and discharged at 0.25A
at RmT showed a lower discharge voltage (only 2.1V) with oscillations.
Similar voltage oscillations were found previously for cells which
contained the BaX, electrolyte (2). In the case of the SrX, electro-
lyte, tests on about forty cells, showed only two cases o% voltage
oscillations. At -20°C and 100 mA discharge rate the Ca/SrX, cell
delivered the same capacity (3.2Ah) as at RmT across a 10 load
(Table 1). In addition, 4 weeks of storage at 70°C resulted in minimal
capacity loss (6%) and no voltage penalty (Table 1).

At -30°C and 10 load the fresh Ca/CaX, cell delivered 2.3Ah (to
1.5V cut-off voltage) while fresh or stored Ca/SrX, cells delivered
only 1.5Ah. The use of a slighly higher concentration of SrX, together
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with 7% SO, increased capacity at -30°C by 0.5Ah to 1.9-2Ah (across a
10 load) and average discharge voltage by about 100 mV (Fig.2). Both
cells, (with or without SO,), showed no capacity loss when discharged
at -30°C across a 10 load. The voltage delay measured for fresh and
stored cells at -20°C and -30°C varied between 0 and 100 sec (Table 1).

Cells discharged at 60°C showed 30% less capacity than those
discharged at RmT while their discharge voltage was about 0.3V higher.
Storage of a cell at 70°C for 4 weeks caused a 15% loss of capacity
when it was discharged at 60°C. The lower capacity of 60°C seems to be
associated with a high rate of corrosion of the anode during medium to
high rates of discharge. This hypothesis has still to be proved.
However we found that even at RmT, cells heated up significantly at
high discharge rates. The maximum temperature rise of the cell can at
RuT discharge was about 2-3°C 10-15°C, 25°C, 45°C and more than 100°C
for discharges at about 50mA, 250mA, 500mA, 900mA and 2400mA
respectively. Preliminary calorimetric measurements indicated that the
heat output of the cell during discharge is more than twice its
"internal resistive heat" (overvoltage times the discharge current).

Safety tests of Ca[SrXZ cells

Safety tests included charge, forced discharge, short circuit,
high discharge rate and nail penetration. The results are summarized
in Table II. Most of the cells contained a rupture disc type vent in
the bottom of the cell; this disc ruptures at 120 to 150°C. Cells with
no vent can be safely heated to 250°C. At above 300°C the G/M seal
starts to leak. In order to avoid a possible break of the cover-to-can
weld we carried out most of the tests with cells which contained the
abovementioned vent mechanism. Except for venting, no other hazardous
results were experienced. Nail penentration resulted only in
electrolyte 1leakage. Several forced discharge tests were carried out
for cells which were discharged under a variety of conditions with
current limitation of 0.25A and voltage limitation of 15V. It was
found that when some time elapsed between the discharge test and the
forced discharge test, the cell did not vent and its temperature rise
was 20 to 60°C. In two cases the cell did vent; once when the forced
discharge test immediately followed the discharge test and in another
case when the cell was forced discharged at 60°C following a -20°C
discharge test. The plots of voltage, current and temperature during
-10V forced discharge test of a cell that was previously discharged at
0.9A to a cut off voltage of 2V can be seen in Fig.3. This cell rested
for two weeks between these two tests. It took about 40 minutes before
the cell reached reversal and another 60 minutes before the forced
voltage reached -10V and the forced current started to drop. Maximum
can temperature reached 80°C. After 320 minutes the forced current
decreased below 30mA. It seems that this transition time (the time
elapsed between reversal and beginning of current decrease) will
decrease 1if the forced discharge voltage and current decrease. We
believe that cell venting was due solely to the pressure rise in the
cell as a result of overheating.
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It seems that an excellent way to make this cell safe and vent-
free is to use a Tefzel separator. In this case it is also possible to
increase the electrode area by 15% without changing the electrode
thickness. When such a cell is shorted (Fig.4) 1its short-circuit
current reached a maximum value of 8.5A after 4 minutes and then it
sharply decreased to 1less than 0.2A after about 20 minutes. The
maximum can temperature was 120°C while the inside cell temperature
may be several tens of degrees higher. 1In this temperature range the
Tefzel separator starts to melt and this results in the closing of its
pores and an increase in its resistance. When this cell was discharged
across a heavy load of 1 , it delivered 0.9Ah at an average current
of 2.4A. Cell temperature rose to 125°C and the current dropped to
less than 0.2A after 20 minutes from the time the maximum temperature
was reached.

Summary

The Ca/CaX, cell loses most of its capacity after 4 weeks of
storage at 70°C. However the Ca/SrX, cell loses only/0-15% of its
capacity when discharged over the temperature range -30 to +60°C after
being stored for 4 weeks at 70°C. 1Its voltage delay is 0-100 sec. at
-20 and -30°C after such storage. Cells may vent on forced discharge
as a result of overheating. The Ca/SrX, cell may be made safe and
vent-free with the use of a Tefzel separator. On high-rate discharge
these cells overheat, possibly as a result of the corrosion of the
calcium anode covered by a thin, fresh and disordered SEI.
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Discharge Discharge Electrolyte Storage Ave.cell V.D, Capacity Remarks

rate or Temp. *k 70°C Voltage sec [Ah]

Load [€] to 2V to 2V

11.2 (240ma)  RaT A Y2 A 12 S
*2s0ma RaT A - 2av o 2.85 -
10 (280ma)  RaT A 4 veeks 2.8V 0 32 R
s250ma RaT A Lweeks 2.1V 0 2.6  Oscill.
10 (270ma)  Rar Al 4weeks 2.7V 0 3. LT
*(250 mA) 60°c A - v o 2.3 -
*(250 mA) 60°c A L veeks 3.5V 0 20 e
100 ma 20 A - - asv s 32 S
100 ma .20 A L veeks 2.5V 0 s T
10 (180 ma)  -30% A S ey 10 14 aswt
10 (190 ma) | -30% A Lweeks 1.9V 100 1.5 (1.5 w*
10.3 (200 ma) -30° sl - 20v o 19 aswF
10 (180 ma) -30°% - A Lwecks 2.0V Na 2 (Lsw*
10 (260 ma) RaT ¢ S 2ev o s
4.6 (570 mA) RaT ¢ - 2s6v o 2 -
41 (560 mA) RaT ¢ 2 weeks 2.3V 0 2.2 e
10.1 (250 mA) RaT ¢ - 2sv o 2.9 S
10.1 (230 ma) RaT ¢ 4 weeks 2.3V 0 1s e
10.1 (180 ma) -30°% ¢ - 1sv 9 2.4 (5 W*
3 0.94) Rar At S 2sv o 3.2 Tefzel Sep.
55 (50 ma)  RaT A S aav o 4 Tefzel Sep.
1 (24a  Rar an 2.4v 0 9 Tefzel Sep.

....................................................................................

* Tested by Dr. A. Meitav at Tadiran
$ Cut off voltage
** Electrolytes A - 0.75M Ser, Al - 0.84M SrXZ + 7% 802, C - 0.9M CaX2 + 73 502
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TABLE II

SUMMARY OF SAFETY TESTS

Type of test Previous Max. Remarks
discharge cell
temp.
Forced discharge RmT, 0.9 A 80°¢C 2 weeks rest at RmT
voltage limit 10 V
Forced discharge*$ RmT, 250 mA - Vented after 20 min
Forced discharge*$ RmT, 250 mA 78°¢C Cell voltage -15 V
60°C
Charge*? RnT, 250 mA 37°% " " 415V
Forced discharge™®  -20°C,100 mA 'Vented at -12.9 V
60°C
Forced discharge*$ 60°C,250 mA 37°% -
Forced discharge™  -20°C,100 maA 48°¢ -

Nail penetration* - - -

Short circuit - 120°¢C Tefzel separator
(0.1 )
Heavy load (1 ) - 125°¢ " "

* Tested by Dr. A. Meitav at Tadiran

$ Current limit 250 mA, voltage limit 15 V
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Fig. 2. Discharge curves at -30°C, 10Q load. A,B: 0.84 M Sr(alCl,),
+7% 802; A-fresh; B-stored cell. C: 0.9 M Ca(A1C1“)2 + 7% S0,
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Chapter 4

Properties of Ca, Sr and Ba Tetrachloroaluminate-S0,-TC

Solutions.
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Chapter 4
Properties of Thionyl Chloride Solutions

Solutions of alkali-metals tetrachloroaluminates in thionyl chloride
(TC) exhibit very interesting physicochemical properties [1-3]. They have
been studied mainly in connection with the development of the Ca-TC
battery. It was recently found [4,5] that replacing the Ca(AlCl,), elec-
trolyte in the Ca-TC battery by either Ba(AlCl,), or Sr(AlCl,), resulted
in a battery with a much longer shelf life. This is due to slower
calcium corrosion. In these two electrolytes the chemical composition and
properties of the SEI which cover the calcium anode are different from
that of the SEI in calcium tetrachloroaluminate. These modified SEIs
provide better corrosion protection for the calc1um anode than does the
CaC12 SEI in the Ca(A1C14)2 electrolyte.

The purpose of this paper is to describe the physicochemical
properties of TC solutions of calcium, strontium and barium tetrachloro-
aluminates with emphasis on the effect of SO, on the solution properties.

At high salt concentrations in solvents of low dielectric constant
like TC (E ~ 9), the predominant species are ionic ag§£egates lg]. In
concentrated MX,-type solutions in TC (X-AlCla',M++- ca’',Sr' ,Ba ') the
smallest and most likely predominant charged ionic aggregates are mxt
MX," formed in the following reaction:

2MX,) Mt o+ MX,” (1]

Accordingly the equivalent conductivity is twice the molar conducti-
vity. These ionic agéregates may be separated by molecules of the solvent
Y), (MYX and XYMYX" etc) in equilibrium with ionic aggregates with no
solvent molecules between the ions.

Density, viscosity (Figs.l-4) and conductivity (Figs.5-10) measure-
ments were made at different SO, concentrations in the range 0-50% (V)
over a temperature range of 10 to 70°C, and in some cases -30 to 230°C.
Over the range -30 to +70°C for MX,-TC solutions containing little or mo
S0, and low salt concentrations, the conductivity increases in the order
Ca > Ba > Sr. At low temperature and high S0, and MX, concentrations the
conductivity increases in the order Ca > Sr > Ba. In CaX, [2] and SrX,
solutions the conductivity increases monotonously with 50, concentrations
(Figs.5-8). In most Caf%?’ the conductivity temperature plot has a peak
near room temperature whose location depends on SO, and MX, concen-
trations. This means that at higher temperatures the conductivity
decreases with temperature. In BaX, solutions the effect of SO, is more
complex (Figs.9,10). Increasing the concentration of SO, to 50% (V)
results in an increase in conductivity of up to a factor o% 8. The densi-
ty and viscosity of these solutions increase in the order Ba < Sr ~ Ca.
It is of interest to note that increasing the concentration of S0, to 10%
(V) 1increases the density of 0.8 - 1.3M MX, solutions but deces not
significantly alter their viscosity. However, raising the concentration
of S0, to more than 20% (V) results in a decrease of both viscosity and




density. The equivalent conductivity (Eq.l) corrected for the cTange2 in1
the viscosity of MX,-TC-S0, solutions can be as high as 100 Q° cm“eq”
(Figs.17-19). The apparent energy of activation for viscosity can be
found in Table 1.

Raman spectra measurements, taken at room temperature (Figs.ll-lh
and 4) indicated the formation of a complex between S0, and M *.  The
M(SO?_)++ peak height increases with SO, concentration. It seems that for
SrX2 the maximum value of n is three (Fig.15). A smaller n value is
estimated for BaX, solutions. Our results can be interpreted as follows.
The ionic migration in MX,-TC-50, solutions takes place by two parallel
mechanisms, a Stokesian and a non-Stokesian relay-type mechanism. The
apparent negative energy of activation for conduction at high tempera-
tures results from the breaking of ionic aggregates and shifting from
solvent-separated ionic aggregates to intimate ionic aggregates (Fig.l16).
This should reduce the dissociation constants of the uncharged ionic
aggregates (Eq.1), and in addition, it should shorten the hopping range.
The enhancement of conductivity by SO, at low concentration is predomi-
nantly due to the formation of a larger SOZ-M++ complex ion (or aggregate
of such ions) and at high concentration is due to the decrease in the
viscosity of the electrolytes.
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TABLE 1

APPARENT ENERGY OF ACTIVATION FOR VISCOSITY (X = AlC1,)

SOLUTION Ea
kcal/mol

1.2M CaX,,0-30% SO, 4.6
1.3M SrX,,0-30% S0, 5.4
1.3M BaX2,0-30% 802 3.2
1 M CaX,, 0-30% S0, 3.8
0.84M SrX,,0-30% SO, 2.7
0.84M BaX,,0-30% SO, 3.0

.....................................................
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Fig. 8. Conductivity of 1.3M SrX,-TC-SO, solutions vs temperature.
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Fig. 14. Raman spectrum of 0.84M BaX,-TC 30% (v/v) SO, solution.
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Fig. 17. Normallzed conductivity of BaX,-TC-505 s3:lutions vs temperature.

A to D 1.3M Baxz. 802 percent: A-30; B-20; C-10; D-0.

. E to H 0.84M BaX,, $0, volume percent E-30; F-20; C-10; H-0.
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Fig. 18, Normalized conductivity of SrX,-TC-SO, solutions vs temperature.
A to C 1.3M er2' 802 volume percent: A-20; B-10; C-0.

D to G 0.84M SrX,, SO, volume percent D-30; E-20; F-10; G-O.
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Fig. 19. Normalized conductivity of 1M CaX,-TC-50, solutions vs temperature.

505 volume percent: 1-0; 2-20; 3-30.
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